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Description 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention: 

The present invention relates to a single electron 
tunnel device which utilizes multiple tunnel junctions 
and can be operated based on individual electrons, and 
a method for fabricating such a single electron tunnel 
device. 

2. Description of the Related Art: 

LSIs which support today's information-oriented so- 
ciety have been highly integrated with the miniaturiza- 
tion of semiconductor devices such as transistors. By 
miniaturizing the devices, the travel distance and capac- 
ity of carriers are reduced, allowing for high-speed op- 
eration and high performance of LSIs. The gate length 
is 0.5 |im for 16M DRAMs which are now under mass- 
production. It is about 0.35 urn for 64M DRAMs which 
are in the initial stage of sample delivery. In laboratories, 
operation check for the gate length of 0.1 urn or less is 
underway. 

As the devices are further miniaturized, however, 
some problems arise. As a physical problem, a tunnel 
leak current occurs between a gate electrode and a 
semiconductor substrate of the device. As a fundamen- 
tal problem, since the number of electrons per operation 
reduces, the statistical variation in the number of elec- 
trons increases, causing miss-operation to easily occur. 
To overcome these problems, a single electron tunnel 
device has been proposed which operates by controlling 
individual electrons, unlike conventional LSIs which op- 
erate based on the statistical properties of electrons. 
The single electron tunnel device is characterized in that 
as the device is more miniaturized the operation is clos- 
er to obtaining the ultimate characteristics of the device. 
If this device is used as a memory, for example, the re- 
sultant memory operates six-digits faster than the hu- 
man brain and has a capacity six-digits larger than the 
existing semiconductor memories. 

The single electron tunnel device operates based 
on the Coulomb blockade effect. In order to obtain this 
effect, a multiple tunnel junction layer where several or 
more tunnel junctions are connected in series is re- 
quired and the capacitance of islands interposed be- 
tween the tunnel junctions needs to be small. In partic- 
ular, in consideration of operation at room temperature, 
the capacitance of islands needs to be 1 aF or less. To 
achieve this, a technique of forming a fine structure with 
a size on the order of nanometers is required. 

The technique of forming such a fine structure has 
not yet been put into practicaJ use. Instead, some devic- 
es utilizing natural structures have been suggested. Ex- 
amples of such structures include a multiple tunnel junc- 
tion structure where a side gate is formed on the side of 



an atomic layer doping GaAs strip as described in Appl. 
Phys. Lett., Vol. 61 , 1992, p. 3145, and a single electron 
memory using ultra thin polysilicon as a channel as de- 
scribed in Proc. IEDM, 1993, p. 541. 

5 The above structures have the following problems. 
In the former, tunnel junctions are formed using the ran- 
dom distribution of charged impurities in the GaAs strip, 
while in the latter, grains in the polysilicon are used as 
islands, and the portion of the polysilicon where elec- 

10 trons easily flow is used as the channel. In both cases, 
therefore, it is difficult to fabricate the structures with 
good controllability, causing a variation in the character- 
istics of the resultant devices. 

is SUMMARY OF THE INVENTION 

The single electron tunnel device of this invention 
includes: a multiple tunnel junction layer including mul- 
tiple tunnel junctions; and first and second electrodes 

20 for applying a voltage to the multiple tunnel junction lay- 
er, wherein the multiple tunnel junction layer includes an 
electrically insulating thin film and metal particles and/ 
or semiconductor particles dispersed in the electrically 
insulating thin film. 

2S in one embodiment of the invention, the single elec- 
tron tunnel device further includes: an electrically insu- 
lating layer formed in contact with the multiple tunnel 
junction layer; and a third electrode for applying an elec- 
tric field to the multiple tunnel junction layer via the elec- 

30 trically insulating layer. 

In another embodiment of the invention, the diam- 
eter of the particles is 50 nm or less. 

In still another embodiment of the invention, the av- 
erage distance between the particles is 5 nm or less. 

35 in still another embodiment of the invention, the par- 
ticles are dispersed in layers in the multiple tunnel junc- 
tion layer. 

In still another embodiment of the invention, the 
electrically insulating thin film is made of an oxide, and 

40 the particles are made of at least one type of metal se- 
lected from the group consisting of gold (Au), silver (Ag), 
copper (Cu), platinum (Pt), and palladium (Pd). 

In still another embodiment of the invention, the 
electrically insulating thin film includes as a major com- 

45 ponent at least one type of material selected from the 
group consisting of oxides of silicon (Si), aluminum (Al), 
titanium (Ti), and hafnium (Hf), and nitrides of silicon (Si) 
and aluminum (Al). 

Alternatively, the single electron tunnel device of 

so this invention includes: a resistance layer; first and sec- 
ond electrodes for applying a voltage to the resistance 
layer; and a third electrode for adjusting an electric field 
formed by the first and second electrodes, wherein the 
resistance layer includes an electrically insulating sub- 

55 stance with low-potential islands formed therein. 

In one embodiment of the invention, the first elec- 
trode is formed on a first major plane of the resistance 
layer, and the second electrode is formed on a second 
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major plane of the resistance layer which is different 
from the first major plane. 

I n another embodiment of the invention, the first and 
second electrodes are formed on a same plane of the 
resistance layer. 

In still another embodiment of the invention, the dis- 
tance between portions of the first and second elec- 
trodes which are closest to each other is 1 urn or less, 
and the width of at least one of the first and second elec- 
trodes is 100 nm or less. 

In still another embodiment of the invention, at least 
one of the first and second electrodes has a tapered 
end, and the tapered end faces the other electrode. 

In still another embodiment of the invention, a tip 
portion of the first electrode overlaps a tip portion of the 
second electrode, and the area of the overlapping por- 
tion is 1 nm 2 or less. 

In still another embodiment of the invention, the re- 
sistance layer includes an electrically insulating thin film 
and metal particles and/or semiconductor particles dis- 
persed in the electrically insulating thin film. 

In still another embodiment of the invention, metal 
particles and/or semiconductor particles are dispersed 
three-dimensionally in the resistance layer. 

In still another embodiment of the invention, the di- 
ameter of the particles is 50 nm or less. 

In still another embodiment of the invention, the av- 
erage distance between the particles is 5 nm or less. 

In still another embodiment of the invention, the par- 
ticles are dispersed in layers in the electrically insulating 
substance. 

In still another embodiment of the invention, the 
electrically insulating substance is made of an oxide or 
a nitride. 

In still another embodiment of the invention, the 
electrically insulating thin film is made of an oxide, and 
the particles are made of at least one type of metal se- 
lected from the group consisting of gold (Au), silver (Ag), 
copper (Cu), platinum (Pt), and palladium (Pd). 

In still another embodiment of the invention, the 
electrically insulating thin film includes as a major com- 
ponent at least one type of material selected from the 
group consisting of oxides of silicon (Si), aluminum (Al), 
titanium (Tl), and hafnium (Hf), and nitrides of silicon (Si) 
and aluminum (Al). 

According to another aspect of the invention, a 
method for fabricating a single electron tunnel device is 
provided. The device includes: a multiple tunnel junction 
layer including multiple tunnel junctions; and first and 
second electrodes for applying a voltage to the multiple 
tunnel junction layer, wherein the multiple tunnel junc- 
tion layer includes an electrically insulating thin film and 
metal particles and/or semiconductor particles dis- 
persed in the electrically insulating thin film. The method 
includes the step of: forming the multiple tunnel junction 
layer by repeating the sub-steps of depositing an elec- 
trically insulating substance and forming metal and/or 
semiconductor particles alternately. 



Alternatively, a method of this invention for fabricat- 
ing a single electron tunnel device is provided, the de- 
vice includes: a multiple tunnel junction layer including 
multiple tunnel junctions; and first and second elec- 

5 trades for applying a voltage to the multiple tunnel junc- 
tion layer, wherein the multiple tunnel junction layer in- 
cludes an electrically insulating thin film and metal par- 
ticles and/or semiconductor particles dispersed in the 
electrically insulating thin film. The method includes the 

10 step of: forming the multiple tunnel junction layer by de- 
positing an electrically insulating substance and metal 
and/or semiconductor particles simultaneously. 

In one embodiment of the invention, the multiple 
tunnel junction layer is formed by alternate sputtering. 

15 In another embodiment of the invention, the method 
further includes the step of heat-treating the multiple 
tunnel junction layer so as to change the size or density 
of the particles. 

Thus, according to the present invention, since met- 

20 al or semiconductor particles are dispersed in the elec- 
trically insulating thin film with high density, electrons 
tunnel through the gaps between the metal or semicon- 
ductor particles when a voltage is applied between elec- 
trodes, allowing a so-called tunnel current to flow in the 

25 electrically insulating thin film. Accordingly, by forming 
electrodes in contact with the electrically insulating thin 
film with metal and semiconductor particles dispersed 
therein and applying a voltage between the electrodes, 
a multiple tunnel junction structure is formed where elec- 

30 trons flow between the electrodes th rough a number of 
tunnel junctions connected in series, and thus a single 
electron tunnel device using the Coulomb blockage ef- 
fect is realized. Since the metal or semiconductor parti- 
cles can be dispersed in the electrically insulating thin 

35 film comparatively uniformly, a multiple tunnel junction 
structure with a controlled configuration can be easily 
obtained. 

According to the present invention, a pair of thin film 
electrodes, each of the pair facing each other, are 

40 formed on the upper or lower surface of the resistance 
thin film layer. A channel portion is therefore formed in 
the portion of the resistance thin film layer between the 
electrodes where the electric field is strongest. Elec- 
trons move between the metal or semiconductor parti- 

45 cles in the channel portion of the resistance th in film lay- 
er due to the tunnel effect. This makes it possible to re- 
alize a single electron tunnel device using the Coulomb 
blockade effect by only a minor processing step such as 
sharpening the ends of the opposing electrodes to re- 

50 duce the width of the channel portion, without the ne- 
cessity of an electron beam lithographic technique. 

According to the present invention, thin film elec- 
trodes are formed on the upper and lower surfaces of 
the resistance thin film layer so that portions of the elec- 

55 trod es interpose the resistance thin film layer. A channel 
portion is therefore formed in the portion of the resist- 
ance thin film layer interposed by the electrodes where 
the electric field is strongest. Electrons move between 
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the metal or semiconductor particles in the channel por- 
tion of the resistance thin film layer due to the tunnel 
effect. This makes it possible to realize a single electron 
tunnel device using the Coulomb blockade effect by only 
a minor processing such as sharpening ends of the op- 
posing electrodes to reduce the area of the interposed 
portion, without the necessity of an electron beam lith- 
ographic technique. 

Thus, the invention described herein makes possi- 
ble the advantages of (1 ) providing a single electron tun- 
nel device of which configuration and characteristics are 
controlled, and (2) providing a method for fabricating 
such a single electron tunnel device. 

These and other advantages of the present inven- 
tion will become apparent to those skilled in the art upon 
reading and understanding the following detailed de- 
scription with reference to the accompanying figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a schematic sectional view of a single 
electron tunnel device according to the present inven- 
tion. 

Figure 2 is a schematic sectional view of a sputter- 
ing apparatus used for fabricating the single electron 
tunnel device according to the present invention. 

Figure 3 is a graph showing the drain voltage-drain 
current characteristics of the single electron tunnel de- 
vice according to the present invention. 

Figure 4 is a graph showing the gate voltage-drain 
current characteristics of the single electron tunnel de- 
vice according to the present invention. 

Figures 5A and 5B are a schematic plan view and 
a schematic sectional view, respectively, of another sin- 
gle electron tunnel device according to the present in- 
vention. 

Figure 6 is a schematic plane view showing a strip- 
shaped multiple tunnel junction layer of the single elec- 
tron tunnel device according to the present invention. 

Figure 7 is a schematic sectional view of an modi- 
fied single electron tunnel device according to the 
present invention. 

Figures 8A and 8B are a schematic plan view and 
a schematic sectional view of still another single elec- 
tron tunnel device according to the present invention, 
and Figure 8C is a schematic sectional view of an alter- 
nate example of the single electron tunnel device. 

Figure 9A is a schematic plan view, Figures 9B and 
9C are schematic sectional views of still another single 
electron tunnel device according to the present inven- 
tion, and Figure 9D is a partial enlarged sectional view 
of the single electron tunnel device of Figure 9B. 

Figure 10 is a graph showing the relationship be- 
tween the diameter of a particle and the temperature 
equivalent to the charging energy required when the 
particle is charged with one electron. 

Figure 11 is a graph showing the change in the di- 
ameter of gold particles depending on the heat treat- 



ment temperature. 

Figure 12 is a graph showing the gate voltage-drain 
current characteristics obtained when an electron exists 
in a potential island and when it does not. 

5 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The present invention will be described by way of 
io examples with reference to the accompanied drawings 
as follows. 

(Example 1) 

15 Referring to Figure 1 , a first example of the single 
electron tunnel device according to the present inven- 
tion will be described. 

The single electron tunnel device of this example 
includes a multiple tunnel junction layer 6 having multi- 

20 pie tunnel junctions, a source electrode 2 and a drain 
electrode 3 for applying a voltage to the multiple tunnel 
junction layer 6, and a gate electrode 1 for applying an 
electric field to the multiple tunnel junction layer 6 via an 
insulating film 7. 

25 The multiple tunnel junction layer 6 is composed of 
an electrically insulating thin film 4 and a number of par- 
ticles 5 dispersed therein. The gate electrode 1, the 
source electrode 2, and the drart electrode 3 are made 
of conductive materials such as metal and semiconduc- 

30 tor materials. The particles 5 are made of metal or sem- 
iconductor materials. Preferably, the particles 5 are 
made of thermally and chemically stable materials, es- 
pecially materials such as precious metals. The electri- 
cally insulating thin film 4 and the insulating film 7 can 

35 be made of a material which has a conductivity low 
enough to allow a change in a tunnel current to be de- 
tected, such as oxides, nitrides, and organic materials. 

It is important to adjust the distance between the 
particles so that a tunnel current can flow in the electri- 
caily insulating thin film 4. 

In order to obtain the Coulomb blockade effect, a 
charging energy required when one particle 5 is charged 
with one electron should be larger than the heat energy 
of the electron. Figure 10 shows the relationship be- 

45 tween the size of the particle and the temperature equiv- 
alent to the charging energy required when the particle 
is charged with one electron. It is observed from Figure 
10 that the particle size needs to be 50 nm or less in 
order to obtain a memory operable at room temperature 

50 (300°K). Thus, the size of the particles 5 is preferably in 
the range of about 1 to 50 nm. 

A single electron tunnel device operable at a com- 
paratively high temperature was obtained when the vol- 
ume ratio of the particles 5 to the electrically insulating 

55 thin film 4 was in the range of 5 to 70%. 

Hereinbelow, a method for forming the multiple tun- 
nel junction layer 6 of this example using a sputtering 
apparatus shown in Figure 2 will be described. 
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At least two types of sputtering targets are placed 
in a chamber of the sputtering apparatus of Figure 2. In 
this example, a quartz (SiOg) glass target 8 and a gold 
(Au) target 9 are used. 

A substrate 10 on which the gate electrode 1 and 
the insulating film 7 are formed is secured to a substrate 
holder 12 provided with a heater 11. The substrate 10 
can be moved to the positions above the SO2 glass tar- 
get 8 and the Au target 9 by a rotational axis coupled to 
the substrate holder 12. The position of the substrate 10 
and the period of time during which the substrate 10 
stays above each target are controlled by a computer. 

A shield 13 surrounds each target and extends up- 
ward to prevent contamination during the sputtering. 

Argon is preferably used as a sputtering gas. The 
sputtering gas is introduced into the chamber via a gas 
inlet 1 4 and exhausted from a gas outlet 1 5 wh ich is con- 
nected with a vacuum exhaust system. The gas pres- 
sure is maintained at 1 .0 Pa, for example, and the sub- 
strate temperature is maintained at 200°C. The voltages 
applied to the SiOg glass target 8 and the Au target 9 
are, for example, 250 W and 10 W, respectively. 

The multiple tunnel junction layer 6 is formed in the 
following manner. 

First, the substrate 10 is moved to the position 
above the Au target 9 and stays there for 20 seconds to 
allow Au particles to be deposited on the insulating film 
7 on the substrate 10. Then, the substrate 10 is moved 
to the position above the Si0 2 glass target 8 and stays 
there for five minutes to allow Si0 2 to be deposited over 
the Au particles forming an SO2 film with a thickness of 
0.1 urn. The thus-formed Sf0 2 film with Au particles dis- 
persed therein was observed in section with a transmis- 
sion electron microscope (TEM), to find that the average 
diameter of the Au particles was 5 nm. 

The resultant multiple tunnel junction layer 6 is pat- 
terned into islands, and then conductive films (a 50 nm- 
thick chrome film and a 0.1 nm-thick Au film, for exam- 
ple) are formed by vacuum evaporation, for example, to 
cover the multiple tunnel junction layer 6. Then, the 
source electrode 2 and the drain electrode 3 are formed 
by normal photolithographic and etching techniques. 
The distance between the source electrode 2 and the 
drain electrode 3 is 1 um Thus, the single electron tun- 
nel device as shown in Figure 1 is obtained. 

In this example, aluminum (Al) is used for the gate 
electrode 1, and the oxide thereof is used for the insu- 
lating film 7. 

Figure 3 shows the voltage-current characteristics 
obtained when a voltage (drain voltage) is applied be- 
tween the source electrode 2 and the drain electrode 3 
of the single electrode tunnel device of this example. It 
is observed from Figure 3 that the current (drain current) 
flowing between the source electrode 2 and the drain 
electrode 3 increases step-wise with the increase of the 
drain voltage (the potential at the drain electrode 3 with 
respect to the potential at the source electrode 2). This 
step-wise increase of the drain current is considered to 



occur as a result of the Coulomb blockade effect, i.e., 
the movement of individual electrons through the tunnel 
junctions one by one. 

Figure 4 shows the change in the drain current de- 

5 pending on the voltage applied to the gate electrode 1 . 
It is observed from Figure 4 that the drain current chang- 
es periodically depending on the gate voltage. This in- 
dicates that the drain current can be controlled by use 
of the gate electrode. 

10 in this example, the multiple tunnel junction layer 6 
was formed by each one-time sputtering using the Au 
target and the insulator target. Alternatively, the sub- 
strate 1 0 may be placed above the Au target for five sec- 
onds and then above the insulator target for two sec- 

15 onds, and this operation can be repeated about 300 
times. In the resultant multiple tunnel junction layer 6, 
the Au particles with a uniform diameter are dispersed 
three-dimensionally (in layers) in the electrically insulat- 
ing thin film 4. 

20 The multiple tunnel junction layer 6 with Au particles 
dispersed three-dimensionally in the electrically insulat- 
ing thin film 4 can also be formed by placing the sub- 
strate 10 above the space between the targets 8 and 9 
to allow both Au and the insulator to be deposited on the 

25 substrate 1 0 simultaneously by sputtering. 

The multiple tunnel junction layer with metal or sem- 
iconductor particles with a diameter of 1 to 50 nm uni- 
formly dispersed therein can also be formed by using at 
least one type of metal or semiconductor selected from 

30 the group consisting of aluminum (Al), silicon (Si), phos- 
phorus (P), sulfur (S), chromium (Cr), manganese (Mn), 
iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), 
gallium (Ga), germanium (Ge), arsenic (As), selenium 
(Se), palladium (Pd), silver (Ag), cadmium (Cd), indium 

35 (in), tin (Sn), antimony (Sb), tellurium (Te), platinum (Pt), 
gold (Au), and lead (Pb) as the target in place of Au. 

In this example, SiO^ was used as the material for 
the electrically insulating thin film 4. Alternatively, silicon 
nitride (Si 3 N 4 ), aluminum oxide (AI203), aluminum ni- 

40 tride (AIN), titanium oxide (TiOg), and hafnium oxide 
(HfOg) can also be used for the electrically insulating 
thin film, to form a multiple tunnel junction layer with ex- 
cellent corrosion resistance. Especially, aluminum oxide 
(AI2Q3) which is solid shows stable characteristics with 

45 a smaller change with time. 

The electrically insulating thin film made of the 
above materials can be formed by sputtering the oxide 
or the nitride. It can also be formed by sputtering the 
semiconductor material or the metal material such as 

50 silicon or aluminum in an atmosphere containing oxygen 
or nitrogen. 

A very stable device was obtained in the combina- 
tion of an oxide as the electrically insulating thin film and 
at least one type of metal selected from the group con- 
55 sisting of gold (Au), silver (Ag), copper (Cu), platinum 
(Pt), and palladium (Pd) as the metal particles. This is 
presumably because the interfaces between the oxide 
and these metals are well-defined and stable. 
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The characteristics of the device were improved by 
heat-treating the multiple tunnel junction layer 6 and 
raising the substrate temperature during the sputtering. 
By the heat treatment, the particles are made larger, uni- 
form in diameter, and rounded. Rounded particles are 
superior to square particles in the initial characteristics, 
because the tunnel current tends to be influenced by the 
profile of the particles, and particles with smooth and 
stable surface allow a tunnel current to flow stably. The 
heat treatment also serves to eliminate distortions and 
defects in the particle crystals. 

If the temperature for the heat treatment is too high, 
the particle diameter becomes too large. Figure 11 
shows the change in the diameter of gold particles de- 
pending on the heat treatment temperature. The particle 
diameter sharply increases when the heat treatment 
temperature exceeds 700°C. Accordingly, the heat 
treatment temperature is preferably 700° C or less. 

When a nitride was used as the electrically insulat- 
ing thin film, the increase in the particle diameter by the 
heat treatment was small, but the characteristics of the 
device were stabilized. In this case, the particle diameter 
was controlled by the substrate temperature during the 
sputtering. 

The particles were rounded by raising the substrate 
temperature (from 200to400°C, for example) during the 
sputtering and conducting heat treatment Rounded 
particles were superior in the initial characteristics to 
square particles. This is presumably because the tunnel 
current tends to be influenced by the profile of the par- 
ticles and rounded particles allow the tunnel current to 
flow therebetween more easily and stably. 

(Example 2) 

Referring to Figures 5A and 5B, a second example 
of the single electron tunnel device according to the 
present invention will be described. 

A multiple tunnel junction layer 19 composed of an 
SiOg film 18 and CdSe particles 17 dispersed therein in 
a single layer is formed on an insulating substrate 16. 
The multiple tunnel junction layer 19 is then patterned 
by electron beam lithography and etching, to obtain 
strips with a width of 0.1 urn and a length of about 1.5 
urn 

Thereafter, a gate electrode 20, a source electrode 
21 , and a drain electrode 22 are formed by a known met- 
allization technique. The distance between the gate 
electrode 20 and the multiple tunnel junction layer 19 is 
0.1 um, and the distance between the source electrode 
21 and the drain electrode 22 is 1 um 

Figure 6 schematically shows the distribution in 
plane of the CdSe particles 17 dispersed in the multiple 
tunnel junction layer 19. There are a number of routes 
through which electrons can flow from the source elec- 
trode 21 to the drain electrode 22. When a voltage is 
applied to the gate electrode 20, multiple tunnel junc- 
tions through which electrons flow more easily are 



formed. When a voltage is applied between the source 
electrode 21 and the drain electrode 22, a channel 23 
is formed in the portion of the multiple tunnel junction 
layer through which electrons flow most easily. Isolated 
s particles (potential islands) 24 which do not directly con- 
tribute to the current flow are present in the vicinity of 
the channel 23. 

In the device with the above configuration, it was 
observed that, when the voltage applied to the gate elec- 
ta trode 20 was gradually increased, electrons tunneled in- 
to the potential islands 24 isolated from the channel 23 
in a manner of one electron in one potential island. This 
makes it possible to record information based on wheth- 
er or not one electron exists in a certain potential island 
is 24. 

Figure 12 shows the gate vottage-drain current 
characteristics obtained when an electron exists in the 
potential island 24 (shown by the broken line) and when 
no electron exists in the potential island 24 (shown by 

20 the solid line). 

The change in the drain current is due to the fact 
that an electron flowing through the channel 23 shown 
in Figure 6 is influenced by the Coulomb power of an 
electron existing in the island 24. The value of the gate 

25 voltage at which the drain current is the peak varies by 
several tens to several hundreds of millivolts depending 
on whether or not an electron exists in the island 24. For 
example, assume that the drain current is the peak when 
the gate voltage is 0.1 V under the condition where no 

30 electron exists in the island 24. Once an electron enters 
the island 24 by electron tunneling, the drain current 
flows little even when the gate voltage is 0.1 V. This 
makes it possible to detect whether or not an electron 
exists in the island 24 by measuring the drain current 

35 Thus, according to the present invention, information 
can be stored based on a single electron. 

In order to obtain a single electron tunnel device 
with stable characteristics, it is preferable to prevent the 
position of the channel 23 formed in the multiple tunnel 

40 junction layer 19 from largely varying. To achieve this, 
the width of the multiple tunnel junction layer 19 should 
be as small as about 0.1 um Also, the distance between 
the source electrode 21 and the drain electrode 22 is 
preferably small to reduce the resistance of the multiple 

45 tunnel junction layer 19 and thus to increase the drain 
current 

Referring to Figure 7, an modified example of the 
single electron tunnel device according to the present 
invention will be described. In this modified example, a 

so strip-shaped multiple tunnel junction layer 26 composed 
of an insulating thin film and metal or semiconductor par- 
ticles dispersed therein three-dimensionally is formed 
on an insulating substrate 25. Thereafter, a source elec- 
trode 27 and a drain electrode 28 are formed, and then 

ss a gate electrode 30 is formed on an insulating film 29 
covering the source electrode 27 and the drain electrode 
28. 

A channel and islands isolated from the channel are 
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formed by applying a voltage to the gate electrode as in 
the above device shown in Figures 5A and 5B. Thus, a 
single electron tunnel device having a memory function 
is obtained. 

(Example 3) 

Referring to Figures 8A and 8B, a third example of 
the single electron tunnel device according to the 
present invention will be described. Figures 8A and 8B 
are a plan view and a sectional view, respectively, of the 
single electron tunnel device of this example. 

As shown in Figure 8B, the single electron tunnel 
device of this example is formed on an Si substrate 32 
covered with a thermal oxide film 31 . A source electrode 
33 and a drain electrode 34 each having a tapered end 
as shown in Figure 8A are formed on the thermal oxide 
film 31 so that the tapered ends of these electrodes 33 
and 34 face each other The distance between the tips 
of the tapered ends of the electrodes 33 and 34 is pref- 
erably in the range of about 100 nm to 1 urn. As the 
distance exceeds 1 um, the resistance increases, pre- 
venting the tunnel current from flowing easily. The 
source electrode 33 and the drain electrode 34 of this 
example are composed of Au/Cr thin films (thickness: 
about 0.05 to 1 um). 

A resistance thin film layer 35 composed of an SiCfe 
film and Au particles dispersed therein is formed to cov- 
er the electrodes 33 and 34. Unlike the device shown in 
Figures 5 A and 5B, the resistance thin film layer 35 is 
not patterned into strips. The resistance thin film layer 
35 is covered with an electrically insulating SK^thin film 
36, and a gate electrode 37 is formed on the SiO a thin 
film 36. The gate electrode 37 is composed of Au/Cr thin 
films and patterned to cover at least a portion of each of 
the tapered ends of the source electrode 33 and the 
drain electrode 34. 

Thus, in this example, since the tapered ends of the 
electrodes 33 and 34 face each other, the electric field 
formed in the resistance thin film layer 35 can be locally 
intensified. More specifically, the strongest electric field 
is formed along the straight line connecting the tips of 
the tapered ends of the electrodes 33 and 34. This al- 
lows a channel through which a tunnel current flows to 
always be formed in the vicinity of the straight line con- 
necting the tips of the tapered ends of the electrodes 33 
and 34. This is the reason why the resistance thin film 
layer 35 is not required to be patterned into strips unlike 
the device shown in Figures 5A and 5B. This also elim- 
inates the necessity of electron beam lithography. 

The source electrode 33 and the drain electrode 34 
are formed by depositing Cr to a thickness of 1 0 nm and 
then Au to a thickness of 0. 1 um on the Si thermal oxide 
film 31 and patterning the resultant conductive thin films 
by photolithography and etching. 

The resistance thin film layer 35 is formed using the 
sputtering apparatus shown in Figure 2 in a manner sim- 
ilar to that described in Example 1. The SiCfe thin film 



36 with a thickness of 0.1 um is formed on the thus- 
formed resistance thin film layer 35. The gate electrode 

37 with a thickness of 0.1 um is then formed on the SO2 
thin film 36 by the vacuum evaporation of Cr and Au and 

s photolithography. Thus, the single electron tunnel de- 
vice of this example is obtained. 

It was observed that, when a voltage (drain voltage) 
was applied between the source electrode 33 and the 
drain electrode 34 of the single electron tunnel device 

10 of this example, the drain current increased step-wise 
with the increase of the drain voltage. This step-wise 
increase of the drain current is considered to occur as 
a result of the Coulomb blockade effect, i.e., the move- 
ment of individual electrons through the tunnel junctions 

15 one by one. 

Figure 4 shows the measurement results of the 
drain current obtained when a voltage is applied to the 
gate electrode. The drain current changes periodically 
depending on the gate voltage. This indicates that the 

20 drain current can be controlled by use of the gate elec- 
trode. 

In the single electron tunnel device of this example, 
the Au particles are dispersed two-dimensional ly in the 
resistance thin film layer. Accordingly, isolated islands 
25 are left in the vicinity of the channel through which elec- 
trons flow from the sou rce electrode 33 to the drain elec- 
trode 34 (i.e., the isolated islands are the metal particles 
which do not constitute the channel but are left in the 
vicinity of the channel). In the device with the above con- 
so figuration, it was observed that, when the gate voltage 
was gradually increased, electrons tunneled into the iso- 
lated islands in a manner of one electron in one isolated 
island. This makes it possible to record information 
based on whether or not one electron exists in a certain 
35 isolated island. Thus, the device can be used as a mem- 
ory. 

In this example, the Au/Cr thin films were used for 
the source electrode 33, the drain electrode 34, and the 
gate electrode 37. Other various conductive materials 

40 such as metal and sem conductor materials can also be 
used depending on the usage, though Cr is effective as 
it has excellent adhesion to Au. For example, the Si sub- 
strate 32 can be made of low-resistance Si and used as 
the gate electrode. This simplifies the device configura- 

45 tion, and the fabrication of such a device is easy. 

When the tapered portion 38 is formed by photoli- 
thography, the Au thin film can be over-etched using an 
isotropic etchant such as aqua regia. With this etching, 
the curvature of the top portion of the Au thin film can 

so be smaller than that of the formed resist thin film. 

In this example, the resistance thin film layer 35 was 
formed on the source electrode 33 and the drain elec- 
trode 34. Similar effects can also be obtained by forming 
the resistance thin film layer 35 on the Si thermal oxide 

55 film 31 and then forming the source electrode 33 and 
the drain electrode 34 on the resistance thin film layer 
35 as shown in Figure 8C. However, the configuration 
shown in Figure 8B is more effective since the SiO^ thin 
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film 36 can be formed immediately after the formation 
of the SiCfe thin film with Au particles dispersed therein 
(the resistance thin film layer 35), allowing for continu- 
ous use of the sputtering target. 

The resistance thin film layer 35 was formed by s 
each one-time sputtering using the Au target and the 
insulator target. Instead, the substrate 32 can be placed 
above the Au target and the insulator target alternately 
and repeatedly, to allow Au particles with a uniform di- 
ameter to be dispersed in the electrically insulating sub- 10 
stance. The resistance thin film layer with Au particles 
dispersed in the electrically insulating substance can al- 
so be formed by placing the substrate 32 above the 
space between the targets 8 and 9 to allow both Au and 
the insulator to be deposited on the substrate 32 simul- is 
taneously by sputtering. 

The resistance thin film layer 35 should be com- 
posed of an electrically insulating substance with metal 
or semiconductor particles dispersed therein. The par- 
ticles are preferably made of a precious metal or the like 20 
which is thermally and chemically stable. The degrada- 
tion of the device with time can be reduced by using a 
thermally and chemically stable element. The size of the 
particles is preferably 50 nm or less in order to obtain 
particles dispersed comparatively uniformly with the dis- 25 
lance therebetween of the order of nanometers. Basi- 
cally important is that the gap between the particles 
should be large enough to allow a tunnel current to flow 
therethrough. A single electron tunnel device operable 
at a comparatively high temperature was obtained when so 
the volume ratio of the particles to the electrically insu- 
lating substance in the portion of the resistance thin film 
layer 35 where the tunnel current actually flows was in 
the range of 5% to 70%. If the volume ratio is less than 
5%, no tunnel current flows. If it exceeds 70%, adjacent 35 
metal particles attach to each other, increasing the size 
of the islands. Such a device can not be used as the 
tunnel device at room temperature. Accordingly, the dis- 
tance between the metal particles is preferably 5 nm or 
less. 40 

The electrically insulating substance and the elec- 
trically insulating thin film 36 can be made of a material 
which has a conductivity low enough to allow a change 
in the tunnel current to be detected, such as oxides, ni- 
trides, and organic materials. 45 

The resistance thin film layer with metal or semicon- 
ductor particles with a diameter of 1 to 50 nm uniformly 
dispersed therein can also be formed by using at least 
one type of metal or semiconductor selected from the 
group consisting of aluminum (Al), silicon (Si), phospho- so 
rus (P), sulfur (S), chromium (Cr), manganese (Mn), iron 
(Fe), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), gal- 
lium (Ga), germanium (Ge), arsenic (As), selenium (Se), 
palladium (Pd), silver (Ag), cadmium (Cd), indium (In), 
tin (Sn), antimony (Sb), tellurium (Te), platinum (Pt), gold ss 
(Au), and lead (Pb) as the target in place of Au. 

In this example, SiC^ was used as the material for 
the electrically insulating substance. Instead, silicon ni- 



tride (Si3N 4 ), aluminum oxide (AlgOJ, aluminum nitride 
(AJN), titanium oxide (TIO^), and hafnium oxide (HfO^) 
can also be used as the electrically insulating sub- 
stance, to form the resistance thin film layer 35 with ex- 
cellent corrosion resistance. The electrically insulating 
substance can be formed by sputtering oxide or nitride. 
It can also be formed by sputtering semiconductor ma- 
terial or metal material such as silicon and aluminum in 
an atmosphere containing oxygen or nitrogen. 

The characteristics of the single electron tunnel de- 
vice were improved by heat treatment. The temperature 
for the heat treatment is preferably in the range of one- 
fifth to three-fifths of the melting point of a metal or sem- 
iconductor material used. This improvement in the char- 
acteristics is presumably because the diameter of the 
particles becomes larger and uniform, and distortions 
and defects in the particle crystals are eliminated by the 
heat treatment. When a nitride material was used as the 
electrically insulating substance, the increase in the par- 
ticle diameter by the heat treatment was small, but the 
characteristics of the device were stabilized. In this 
case, the particle diameter was controlled by the sub- 
strate temperature during the sputtering. 

The particles were rounded by raising the substrate 
temperature during the sputtering and conducting heat 
treatment (before the formation of the gate electrode 
37). Rounded particles were superior to square particles 
m the initial characteristics. This is presumably because 
the tunnel current tends to be influenced by the profile 
of the particles and rounded particles allow the tunnel 
current to flow therebetween more easily and stably. 

(Example 4) 

Referring to Figures 9A to 9D, a fourth example of 
the single electron tunnel device according to the 
present invention will be described. The single electron 
tunnel device of this example is the same as that of Ex- 
ample 3 in the operation principle. Figure 9A is a plan 
view of the single electron tunnel device of this example. 
Figures 9B and 9C are sectional views taken along lines 
A-A and B-B of Figure 9A, respectively. Figure 9D is a 
partial enlarged sectional view of the single electron tun- 
nel device shown in Figure 9B. 

A source electrode 41 made of Au/Cr thin films hav- 
ing a tapered end and a gate electrode 43 made of Au/ 
Cr thin films covered with an SiOg th in film 42 are formed 
on an Si substrate 40 via a thermal oxide film 39. A re- 
sistance thin film layer 44 composed of SO^ with Au 
particles dispersed therein is formed on the resultant 
structure, and then a drain electrode 45 made of Au/Cr 
thin films having a tapered end is formed on the resist- 
ance thin film layer 44. A portion of the resistance thin 
film layer 44 is interposed between the tapered ends of 
the source electrode 41 and the drain electrode 45. 

The source electrode 41 and the gate electrode 43 
are formed by depositing Cr to a thickness of 10 nm and 
then Au to a thickness of 0.1 urn on the Si thermal oxide 
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film 39 by vacuum evaporation and then patterning by 
photolithography. The gate electrode 43 is covered with 
the Si0 2 thin film 42 with a thickness of 0.1 urn. 

The resistance thin film 44 is formed by repeating 
the alternate sputtering of Au and SiOfe by about ten 
times using the sputtering apparatus of Figure 2 de- 
scribed in Example 1 . By this repeated sputtering, Au 
particles with a uniform diameter were dispersed in SiCfe 
three-dimensionally. The thickness of the layer was 50 
nm. 

The drain electrode 45 with a thickness of 0.1 urn 
is then formed on the thus-formed resistance thin film 
layer 44 by the vacuum evaporation of Cr and Au and 
photolithography. Thus, the single electron tunnel de- 
vice is obtained. The area of the portion of the resistance 
thin film layer 44 interposed between the source elec- 
trode 41 and the drain electrode 45 is about 0.01 um 2 . 
This area is preferably 1 urn 2 or less. When it exceeds 
1 um 2 , the channel becomes too wide, degrading the 
controllability. 

As shown in Figure 9D, a channel 23 and islands 
24 isolated from the channel 23 are formed by applying 
a voltage to the gate electrode as in the above exam- 
ples. Thus, the single electron tunnel device with a 
memory function can be obtained. As is observed from 
Figure 9D, as the resistance thin film layer 44 is thicker, 
the resistance increases while the drain current reduc- 
es. The thickness of the resistance thin film layer 44 is 
preferably in the range of about 10 nm to 1 nm. 

Thus, according to the single electron tunnel device 
of the present invention, a multiple tunnel junction layer 
composed of an electrically insulating thin film and metal 
or semiconductor particles dispersed therein uniformly 
with gaps of about 1 nm is provided, and the character- 
istics of the device can be controlled. Since the electri- 
cally insulating thin film can be made of a material with 
excellent corrosion resistance, the resultant single elec- 
tron tunnel device can be provided with excellent relia- 
bility and long-term stability. By changing the electrode 
configuration, the single electron tunnel device can 
serve as a transistor and a memory, or can be applied 
to an analog circuit or a digital circuit 

According to the method for fabricating a single 
electron tunnel device of the present invention, a single 
electron tunnel device with excellent characteristics 
where the type of metal or semiconductor, the size and 
density of particles, the distance between the particles, 
and the like can be easily controlled is fabricated with 
good reproducibility. 

According to the single electron tunnel device of the 
present invention, a multiple tunnel junction layer com- 
posed of an electrically insulating thin film and metal or 
semiconductor particles dispersed therein uniformly 
with gaps of about 1 nm is provided without employing 
a special microlithographic technique, and the charac- 
teristics of the device can be controlled. Since the elec- 
trically insulating thin film can be made of a material with 
excellent corrosion resistance, the resultant single elec- 



tron tunnel device can be provided with excellent relia- 
bility and long-term stability. 

By changing the electrode configuration, the single 
electron tunnel device can serve as a transistor and a 

s memory, or can be applied to an analog circuit or a digital 
circuit. Also, a single electron tunnel device with excel- 
lent characteristics where the type of metal or semicon- 
ductor, the size and density of particles, the distance be- 
tween the particles, and the like can be easily controlled 

10 is fabricated with good reproducibility. 

Various other modifications will be apparent to and 
can be readily made by those skilled in the art without 
departing from the scope and spirit of this invention. Ac- 
cordingly, it is not intended that the scope of the claims 

is appended hereto be limited to the description as set 
forth herein, but rather that the claims be broadly con- 
strued. 



20 Claims 

1 . A single electron tunnel device comprising: 

a multiple tunnel junction layer including mutti- 

25 pie tunnel junctions; and 

first and second electrodes for applying a volt- 
age to the multiple tunnel junction layer, 
wherein the multiple tunnel junction layer in- 
cludes an electrically insulating thin film and 

30 metal particles and/or semiconductor particles 

dispersed in the electrically insulating thin film. 

2. A single electron tunnel device according to claim 
1 , further comprising: 

35 

an electrically insulating layer formed in contact 
with the multiple tunnel junction layer; and 
a third electrode for applying an electric field to 
the multiple tunnel junction layer via the electri- 
40 cally insulating layer. 

3. A single electron tunnel device according to claim 
1 , wherein the diameter of the particles is 50 nm or 
less. 

45 

4. A single electron tunnel device according to claim 
1 , wherein the average distance between the parti- 
cles is 5 nm or less. 

50 5. a single electron tunnel device according to claim 
1 , wherein the particles are dispersed in layers in 
the multiple tunnel junction layer. 

6. A single electron tunnel device according to claim 
55 1, wherein the electrically insulating thin film is 
made of an oxide, and the particles are made of at 
least one type of metal selected from the group con- 
sisting of gold (Au), silver (Ag), copper (Cu), plati- 
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num (Pt) f and palladium (Pd). 

7. A single electron tunnel device according to claim 
1, wherein the electrically insulating thin film in- 
cludes as a major component at least one type of 
material selected from the group consisting of ox- 
ides of silicon (Si), aluminum (Al), titanium (7i), and 
hafnium (Hf), and nitrides of silicon (Si) and alumi- 
num (Al). 

a A single electron tunnel device comprising: 
a resistance layer; 

first and second electrodes for apply rig a volt- 
age to the resistance layer, and 
a third electrode for adjusting an electric field 
formed by the first and second electrodes, 
wherein the resistance layer includes an elec- 
trically insulating substance with low-potential 
islands formed therein. 

9. A single electron tunnel device according to claim 
8, wherein the first electrode is formed on a first ma- 
jor plane of the resistance layer, and the second 
electrode is formed on a second major plane of the 
resistance layer which is different from the first ma- 
jor plane. 

10. A single electron tunnel device according to claim 
8, wherein the first and second electrodes are 
formed on a same plane of the resistance layer 

11. A single electron tunnel device according to claim 
8, wherein the distance between portions of the first 
and second electrodes which are closest to each 
other is 1 urn or less, and 

the width of at least one of the first and second 
electrodes is 100 nm or less. 

12. A single electron tunnel device according to claim 

8, wherein at least one of the first and second elec- 
trodes has a tapered end, and the tapered end fac- 
es the other electrode. 

13. A single electron tunnel device according to claim 

9, where in a tip portion of the first electrode overlaps 
a tip portion of the second electrode, and the area 
of the overlapping portion is 1 urn 2 or less. 

14. A single electron tunnel device according to claim 
8, wherein the resistance layer includes an electri- 
cally insulating thin film and metal particles and/or 
semiconductor particles dispersed in the electrically 
insulating thin film. 

15. A single electron tunnel device according to claim 
8, wherein metal particles and/or semiconductor 
particles are dispersed three-dimensionally in the 



resistance layer. 

16. A single electron tunnel device according to claim 
14, wherein the diameter of the particles is 50 nm 

s or less. 

17. A single electron tunnel device according to claim 
14, wherein the average distance between the par- 
ticles is 5 nm or less. 

10 

18. A single electron tunnel device according to claim 
14, wherein the particles are dispersed in layers in 
the electrically insulating substance. 

is 19. A single electron tunnel device according to claim 
14, wherein the electrically insulating substance is 
made of an oxide or a nitride. 

20. A single electron tunnel device according to claim 
20 14, wherein the electrically insulating thin film is 

made of an oxide, and the particles are made of at 
least one type of metal selected from the group con- 
sisting of gold (Au), silver (Ag), copper (Cu), plati- 
num (Pt), and palladium (Pd). 

25 

21. A single electron tunnel device according to claim 
14, wherein the electrically insulating thin film in- 
cludes as a major component at least one type of 
material selected from the group consisting of ox- 

30 ides of silicon (Si), aluminum (Al), titanium (Ti), and 
hafnium (Hf), and nitrides of silicon (Si) and alumi- 
num (Al). 

22. A method for fabricating a single electron tunnel de- 
35 vice comprising: a multiple tunnel junction layer in- 
cluding multiple tunnel junctions; and first and sec- 
ond electrodes for applying a voltage to the multiple 
tunnel junction layer, wherein the multiple tunnel 
junction layer includes an electrically insulating thin 

40 film and metal particles and/or semiconductor par- 
ticles dispersed in the electrically insulating thin 
film, the method comprising the step of: 

forming the multiple tunnel junction layer by 
repeating the sub-steps of depositing an electrically 

45 insulating substance and forming metal andAor 
semiconductor particles alternately. 

23. A method according to claim 22, wherein the multi- 
ple tunnel junction layer is formed by alternate sput- 

so tering. 

24. A method according to claim 22, further comprising 
the step of heat-treating the multiple tunnel junction 
layer so as to change the size or density of the par- 

55 tides. 

25. A method for fabricating a single electron tunnel de- 
vice comprising: a multiple tunnel junction layer in- 
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eluding multiple tunnel junctions; and first and sec- 
ond electrodes for applying a voltage to the multiple 
tunnel junction layer, wherein the multiple tunnel 
junction layer includes an electrically insulating thin 
film and metal particles and/or semiconductor par- s 
ticles dispersed in the electrically insulating thin 
film, the method comprising the step of: 

forming the multiple tunnel junction layer by 
depositing an electrically insulating substance and 
metal and/or semiconductor particles simultane- io 
ously. 

26. A method according to claim 25, wherein the multi- 
ple tunnel junction layer is formed by simultaneous 
sputtering. 15 

27. A method according to claim 25, further comprising 
the step of heat-treating the multiple tunnel junction 
layer so as to change the size or density of the par- 
ticles. 20 
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